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Oxalate is toxic to renal tubular cells only at supraphysiologic
concentrations
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Oxalate is toxic to renal tubular cells only at supraphysiologic
concentrations.
Background. Oxalate-induced tissue damage may play an
initiating role in the pathophysiology of calcium oxalate
nephrolithiasis. The concentration of oxalate is higher in the
renal collecting ducts (∼0.1 to 0.5 mmol/L) than in the proxi-
mal tubule (∼0.002 to 0.1 mmol/L). In the present investigation,
we studied the damaging effect of oxalate to renal proximal and
collecting tubule cells in culture.
Methods. Studies were performed with the renal proximal
tubular cell lines, LLC-PK1 and Madin Darby canine kidney
II (MDCK-II), and the renal collecting duct cell lines, rat re-
nal cortical collecting duct (RCCD1) and MDCK-I. Conflu-
ent monolayers cultured on permeable growth substrates in
a two-compartment culture system were apically exposed for
24 hours to relatively low (0.2, 0.5, and 1.0 mmol/L) and high
(5 and 10 mmol/L) oxalate concentrations, after which several
cellular responses were studied, including monolayer morphol-
ogy (confocal microscopy), transepithelial electrical resistances
(TER), prostaglandin E2 (PGE2) secretion, lactate dehydro-
genase (LDH) release, DNA synthesis ([3H]-thymidine incor-
poration), total cell numbers, reactive oxygen species (H2O2)
generation, apoptotic (annexin V and DNA fragmentation),
and necrotic (propidium iodide influx) cell death.
Results. Visible morphologic alterations were observed
only at high oxalate concentrations. TER was concentration-
dependently decreased by high, but not by low, oxalate. Ele-
vated levels of PGE2, LDH, and H2O2 were measured in both
cell types after exposure to high, but not to low oxalate. Expo-
sure to high oxalate resulted in elevated levels of DNA synthesis
with decreasing total cell numbers. High, but not low, oxalate
induced necrotic cell death without signs of programmed cell
death.
Conclusion. This study shows that oxalate is toxic to renal
tubular cells, but only at supraphysiologic concentrations.
Most kidney stones are predominantly composed of
calcium oxalate. Oxalate is a metabolic end product that
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is freely filtered at the glomerulus and excreted with
the urine. Oxalate is a major risk factor in calcium ox-
alate renal stone disease because of its poor solubility
in the presence of calcium. In addition, it has been pro-
posed that an increased oxalate delivery to the kidney is
nephrotoxic. Urinary oxalate excretion is low in healthy
subjects (0.1 to 0.45 mmol/24 hours), somewhat higher
in idiopathic calcium oxalate renal stone disease (0.45
to 0.65 mmol/24 hours) and considerably higher in pri-
mary hyperoxaluria (1 to 3.5 mmol/24 hours) [1, 2]. The
concept that oxalate is toxic to the kidney came from
studies performed in animals [3–6] and cell culture [7–9].
These studies suggested that oxalate generates free radi-
cals that are damaging to the renal tubular cells. There are
some questions, however, about the model systems used
to reach this conclusion. In animals, hyperoxaluria cannot
exist without crystalluria that makes it difficult to discrim-
inate between effects caused by either oxalate or calcium
oxalate. Since oxalate rapidly forms crystals in calcium-
containing growth media, the same problem may also ap-
ply to studies performed in cell culture. Another point of
concern is that renal tubular cells are grown on plastic
dishes receiving culture media containing 1 to 2 mmol/L
calcium and oxalate in the same compartment. Espe-
cially in the high oxalate range (≥1 mmol/L oxalate) this
leads to calcium depletion. Finally, most oxalate toxicity
studies in cell culture are performed with renal proximal
tubular cells, while high oxalate occurs at the end of the
nephron.
In the present investigation, we studied the possible
toxic effect of oxalate to renal proximal and collecting
tubule cells grown as confluent monolayers on permeable
growth substrates in a two-compartment culture system.
Oxalate is added to the apical compartment in a simple
buffer without calcium or serum, while growth medium
containing calcium and serum is added to the basal com-
partment. Thus, during their apical exposure to oxalate,
the cells have free access to nutrients and calcium from
the basolateral membrane. The results show that under
these conditions oxalate is toxic only at supraphysiologic
concentrations.
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METHODS
Cell culture
Madin-Darby canine kidney (MDCK)-I and MDCK-
II cells were kindly provided by Professor G. van
Meer (Laboratory for Cell Biology and Histology, Am-
sterdam Medical Center, The Netherlands). LLC-PK1
cells were obtained from the American Type Culture
Collection (ATCC) (Manassas, VA, USA). Rat renal
cortical collecting duct1 (RCCD1 cells [10] were kindly
provided by Dr. M. Blot-Chabaud (INSERM U246, Fac-
ulte´ de Me´decine Xavier Bichat, Paris, France). Rou-
tinely, cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco, Grand Island, NY, USA) sup-
plemented with 10% fetal calf serum (FCS) (PAA Labs,
Linz, Austria) and weekly replated. For experiments, cells
are grown on permeable supports in a two-compartment
culture system (Transwells) (24 mm diameter inserts, 4.7
cm2 surface area, 0.4 lm pore size) (Corning Costar,
Badhoevedorp, The Netherlands). In this culture sys-
tem, growth medium containing 10% serum is added to
the basal fluid compartment, while the apical compart-
ment receives either growth medium or a calcium and
serum-free buffer containing (in mmol/L): 124 NaCl, 25
NaHCO3, 2 NaH2PO4, 2 H2O, 5 KCl, 0.5 MgCl2.6 H2O, 5
sodium-acetate, pH 7.4, and 310 to 320 mosmol/kg H2O.
Cells are trypsinized and seeded at a concentration of
1 × 106 cells/polycarbonate permeable support (Corn-
ing Costar). Within 6 to 7 days, the cells proliferated and
migrated into confluent monolayers with a cell density
on average of 4 to 6 × 106 cells. Routinely, polymerase
chain reaction (PCR) analyses were performed on DNA
isolated from cell culture–conditioned medium for the
presence of mycoplasma. Cells used in this study were
not contaminated with mycoplasma.
Coulter counter
To reveal at which concentrations oxalate induces crys-
tal formation in culture medium, increasing amounts of
oxalate were added to DMEM containing 1.8 mmol/L cal-
cium. Sodium oxalate was dissolved in Milli-Q distilled
water and pipetted in the appropriate concentration in
a small volume at the bottom of a tube. Subsequently
50 mL DMEM was added at room temperature and the
tube vigorously shaken. After centrifugation at low speed
(1000 rpm), the pellet was taken up in a smaller volume
and measured in a Coulter Multisizer (Coulter Electronic
Ltd., Luton, UK). The number of particles was deter-
mined in 500 lL sample volumes using a 70 lm orifice
tube.
Transepithelial electrical resistances (TERs)
Tight junction formation is assessed by TER mea-
surements. TER is measured in ohms () after placing
the insert in an Endohm 24 connected to a Voltohm
meter (World Precision Instruments, Sarasota, FL, USA).
Monolayers are considered confluent as soon as the high-
est TERs are reached. Cells were incubated for 24 hours
with increasing oxalate concentrations after which TERs
were measured.
Morphologic studies
Fluorescein isothiocyanate (FITC)–conjugated phal-
loidin was applied to stain polymeric F actin in the
cell cytoskeleton. At the various time points, filter in-
serts were washed three times with physiologic saline
[phosphate-buffered saline (PBS)], fixed for 15 min-
utes in ethanol 70%, and incubated for 15 minutes
with 5 lg/mL phalloidin-FITC (Sigma Aldrich Chemie
BV, Zwijndrecht, The Netherlands), washed three times,
and mounted in Vectashield (Vector Laboratories,
Burlingame, Cam USA). A 488 nm argon laser was used
to excite the FITC-phalloidin. Mounted inserts were ex-
tensively inspected, images (magnification 63×) were
made of at least 10 random fields per insert with a Zeiss
LSM 410 laser scanning confocal microscope (LSCM)
(Zeiss, Oberkochen, Germany) from which representa-
tive images were selected. Experiments were repeated at
least three times.
Lactate dehydrogenase (LDH) release
LDH (EC 1.1.1.27) was measured in the luminal com-
partment with pyruvate as substrate using a standard au-
toanalyzer.
Prostaglandin E2 (PGE2)
PGE2 secretion into the luminal compartment was
measured in a switch enzyme-linked immunoassay (EIA)
Kit (Cayman Chemicals, Ann Arbor, MI, USA). This as-
say is based on the competition between PGE2 and a
PGE2-acetylcholinestrase (AchE) conjugate (as tracer)
for a limited amount of PGE2 monoclonal antibody. Be-
cause the concentration of the PGE2 tracer is held con-
stant while the concentration of PGE2 varies, the amount
of PGE2 tracer that is able to bind to the PGE2 antibody
is inversely proportional to the concentration of PGE2
in the well. PGE2 standard curves were prepared by di-
luting 10 mg/mL PGE2 in EIA buffer to produce a con-
centration range of 0 to 1000 lg PGE2/mL. Each plate or
set of strips contained a blank, a nonspecific binding, a
maximum binding, and a total activity control. Standard
curve samples (50 lL), controls, and experimental sam-
ples were added to the wells. Each well received 50 lL
tracer except the total activity and the blank wells. The
wells subsequently received 50 lL PGE2 monoclonal an-
tibody, except the total activity well, the nonspecific bind-
ing well, and the blank well. The plate was covered with
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plastic film and incubated for 18 hours at 4◦C. The wells
were rinsed extensively with wash buffer after which 200
lL Ellman’s Reagent was added to each well and 5 lL
tracer to the total activity well. The plate was then cov-
ered with plastic film and developed in the dark on an
orbital shaker. When the blank absorbance was between
0.3 and 0.8 units, the plate was read at 405 to 420 nm
wavelengths in a Bio-Rad 550 microplate reader (Bio-
Rad, Hercules, CA, USA).
Hydrogen peroxide (H2O2) determination
The reactive oxygen intermediate H2O2 was mea-
sured in the apical fluid of cells exposed to various
concentrations of oxalate using the Amplex Red Hydro-
gen/Peroxide Assay Kit (A-22188) (Molecular Probes,
Leiden, The Netherlands). Since phenol red in the cul-
ture medium interferes with the absorbance measure-
ments the studies were performed with buffer B, added
to the apical fluid compartment, while the basal com-
partment received DMEM 10% FCS without phenol red
and sodium pyruvate (Gibco). A standard curve was pre-
pared at 10 lmol/L to 1.25 lmol/L. Samples, standards,
and blanks were added to a 96-well plate. A working so-
lution of 100 lmol/L Amplex red reagent and 0.2 U/mL
horseradish peroxidase (HRP) was prepared and added
to all the samples, standards, and blank. The plate was
protected from light and incubated for 30 minutes at room
temperature. The absorbance was read at 560 nm using a
Bio-Rad 550 microplate reader.
[3H]-thymidine incorporation
To assess the effect of oxalate on DNA synthesis,
confluent monolayers were incubated for 24 hours with
various oxalate concentrations added to the apical com-
partment in calcium-free buffer B, while DMEM 10%
FCS was added to the basal compartment. The next
day (24 hours) or 1 day later (48 hours) the inserts
were extensively washed and the fluid in both compart-
ments replaced with fresh DMEM 10% FCS contain-
ing 3.7 KBq/mL [methyl-3H]-thymidine (Amersham Bio-
sciences, Buckinghamshire, UK). The cells were pulse-
labeled for 3 hours, washed three times with PBS; the
filters were cut out and counted in a liquid scintillation
counter. Results are expressed in dpm/filter insert.
Apoptosis and necrosis
To assess the nature of oxalate-induced cell death,
annexin V (A.G. Scientific, Inc., San Diego, CA, USA)
staining was applied to reveal the surface exposure of
phosphatidylserine (apoptosis) and propidium iodide
(Sigma Aldrich Chemie) to reveal the loss of plasma
membrane integrity (necrosis). At the various time
points, filter inserts were washed and unfixed cells incu-
500
400
300
200
100
0
Pa
rti
cl
es
 (×
10
5 )
0 0.1 0.2 0.3 0.4 0.5 1.0
mmol/L oxalate added to DMEM
Coulter Counter
Fig. 1. Crystals are formed in culture medium [Dulbecco’s modified
Eagle’s medium (DMEM)] at oxalate concentrations above 400 lmol/L.
bated for 15 minutes with FITC-labeled annexin V (1:40),
washed three times, and subsequently incubated for 15
minutes with 1 lg/mL propidium iodide, washed, and
mounted in Vectashield (Vector Laboratories). Another
widely applied method to study apoptosis was DNA frag-
mentation staining with Hoechst 33258 (Sigma Aldrich
Chemie). At the various time points, filter inserts were
washed and incubated with 0.1 mg/mL Hoechst, washed,
and mounted in Vectashield. Incubation of the cells for
4 hours with 1.0 lmol/L antimycin A was used as posi-
tive control for apoptosis, while cell fixation with ethanol
to permeabilize the membrane served as positive control
for necrosis.
Statistical analysis
All experiments were performed at least three times.
The results are presented as means ± SD of three
independent inserts. Statistical analysis on oxalate
concentration-dependent effects was performed with
one-way analysis of variance (ANOVA) and on oxalate
sensitivity between cell lines with Student t test. Differ-
ences were considered significant at P < 0.05.
RESULTS
Coulter counter
The pH of DMEM was approximately 7.3 and was not
influenced by oxalate. The measurements showed that in
order to study the effect of oxalate alone the experiments
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Fig. 2. Morphologic alterations in renal
tubular cells exposed for 24 hours to in-
creasing oxalate concentrations. The cells are
cultured as confluent monolayers on porous
supports in a two-compartment culture sys-
tem in which oxalate is added to the apical
fluid compartment in a calcium and serum-
free buffer, while Dulbecco’s modified Eagle’s
medium (DMEM) with calcium and serum is
added to the basal fluid compartment. The
first visible effect of oxalate is observed in
Madin-Darby canine kidney (MDCK)-I cells
at 10 mmol/L oxalate and in MDCK-II cells at
5 mmol/L oxalate. Note that even at these ex-
tremely high oxalate concentrations the cells
are not released from the growth substrate.
should be performed in a calcium-free buffer because
crystals are rapidly formed in culture medium (Fig. 1).
Morphologic studies
Because other investigators found that the exposure of
renal tubular cells in culture to oxalate led to the sponta-
neous release of cells from the growth substrate [7], we
started our studies by monitoring the morphologic behav-
ior of the cells in response to oxalate. Confluent monolay-
ers were apically exposed for 24 hours with 0, 0.2, 0.5, 1,
5, and 10 mmol/L oxalate after which the cell cytoskele-
ton was stained with phalloidin-FITC and inspected by
confocal microscopy. The scans made perpendicular to
the growth substrate (xz scans) clearly showed that cells
were not released from the monolayer at any of the con-
centrations used (Fig. 2). In MDCK-I cells, the first mor-
phologic alterations were observed not sooner than at 10
mmol/L oxalate and in MDCK-II cells at 5 mmol/L ox-
alate (Fig. 2). At these concentrations the cells lost their
normal cubical shape and they began to round up. Al-
though cellular stress responses do not necessarily lead
to alterations in cell shape, soluble oxalate certainly does
not easily release renal tubular cells from their growth
substrates. Comparable results were obtained with LLC-
PK1 and RCCD1 cells (not shown).
TERs
To study oxalate-induced effects on functional proper-
ties such as monolayer epithelial barrier integrity, TER
was measured across confluent monolayers exposed for
24 hours to increasing luminal concentrations of oxalate.
RCCD1 and MDCK-I monolayers are much more tight
(∼4000 to 5000 ·cm2) than LLC-PK1 and MDCK-II
monolayers (∼ 100 to 200 ·cm2). TER was not affected
in either cell type by 0, 200, and 500 lmol/L oxalate. Al-
though there was a tendency for decreased TER at 1
mmol/L oxalate, TERs were significantly decreased by
5 and 10 mmol/L oxalate. This effect of oxalate on TER
most likely cannot be attributed to a lack of calcium since
the cells received calcium-supplemented growth medium
in the basal fluid compartment. Although the results were
comparable in all four cell lines, Figure 3 shows the results
obtained with the MDCK strains.
LDH release
The release of LDH was measured as marker for
plasma membrane damage. It should be noted that
the absolute amounts of LDH secreted or released by
these cells varied depending on the developmental stage
of the monolayers. Comparisons could be made, how-
ever, when matching untreated controls of the same age
were included. Confluent monolayers of MDCK-I and
MDCK-II cells were exposed for 24 hours to increasing
oxalate concentrations. Compared to MDCK-II, MDCK-
I cells released significantly more LDH at 0, 0.5, and
10 mmol/L, but not at 0.2, 1, and 5 mmol/L. In both
MDCK-I and MDCK-II up to 1 mmol/L oxalate did not
result in significantly higher levels of LDH released into
the apical compartment. Increased levels of LDH were
measured in response to 5 and 10 mmol/L oxalate, espe-
cially in MDCK-I (Fig. 4). This could be explained by a
higher cytosolic LDH content in MDCK-I or this cell line
could have more sensitive to extremely high oxalate than
MDCK-II.
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Fig. 3. Transepithelial electrical resistance (TER) measurements
across confluent Madin-Darby canine kidney (MDCK) monolayers in
response to a 24-hour exposure to increasing concentrations of oxalate.
Oxalate is added in a calcium and serum-free buffer to the apical fluid
compartment, while Dulbecco’s modified Eagle’s medium (DMEM)
containing calcium and serum is added at the basolateral side. Means
± SD of a representative experiment are shown. Comparisons between
groups at 24 hours show a significant decrease in TER after exposure to
5 or10 mmol/L oxalate, which is absent at lower oxalate concentrations.
Statistical analysis was performed using analysis of variance (ANOVA)
(P < 0.05) (N = 3). ∗Significantly different compared to untreated con-
trols.
We also measured the appearance of LDH in the basal
compartment of confluent MDCK monolayers after 24-
hour exposure to 0, 0.2, 0.5, 1, 5, and 10 mmol/L oxalate. In
both MDCK-I and MDCK-II, LDH concentrations were
relatively low in the basal compartment. In both cell lines,
basal LDH was increased only at the highest oxalate con-
centration (10 mmol/L) (not shown). It is unclear if this
increase results from transepithelial apical-to-basal LDH
leakage, or from basolateral plasma membrane damage.
PGE2
To reveal a possible inflammatory response to oxalate
we measured the secretion of PGE2 in the apical fluid
compartment after 24-hour exposure to oxalate concen-
trations ranging from 0.2 to 10 mmol/L. The secretion of
PGE2 by untreated controls of MDCK-I and MDCK-II
was not higher after 24 hours ≤1 mmol/L oxalate. How-
ever, increased levels of PGE2 were measured in response
to 5 and 10 mmol/L oxalate (Fig. 5).
We also measured the secretion of PGE2 in the basal
compartment of confluent MDCK monolayers after 24-
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Fig. 4. Release of lactate dehydrogenase (LDH) in the apical fluid of
confluent renal tubular cell monolayers cultured on permeable supports
in a two-compartment culture system and treated for 24 hours with in-
creasing concentrations of oxalate. Oxalate is added in a calcium and
serum-free buffer to the apical fluid compartment, while Dulbecco’s
modified Eagle’s medium (DMEM) containing calcium and serum is
added at the basolateral side. Means ± SD of a representative exper-
iment are shown. Statistical analysis was performed using analysis of
variance (ANOVA) and Student t test (P < 0.05) (N = 3). ∗Significantly
different compared to untreated controls; ‡LDH release by Madin-
Darby canine kidney (MDCK)-I significantly higher compared to that
by MDCK-II.
hour exposure to 0, 0.2, 0.5, 1, 5, and 10 mmol/L oxalate. In
both MDCK-I and MDCK-II, basal PGE2 was increased
only at the two highest oxalate concentrations (5 and 10
mmol/L) (not shown).
The (high) oxalate-induced secretion of PGE2 was sig-
nificantly higher by MDCK-I than MDCK-II (Fig. 5).
Compared to MDCK-II, MDCK-I may have more COX
enzyme activity or higher levels of plasma membrane
arachidonic acid. Another possibility is that MDCK-I
cells are more susceptible to extremely high oxalate.
H2O2 determination
To study the ability of oxalate to generate reactive oxy-
gen species the concentration of H2O2 was measured
in the luminal fluid of confluent monolayers formed by
MDCK-I and MDCK-II cells in response to a 24-hour
exposure to increasing concentrations of oxalate (0, 0.2,
0.5, 1, 5, and 10 mmol/L). Compared with untreated con-
trols, the production of H2O2 by MDCK-II started to
increase at 5 mmol/L oxalate to become significantly in-
creased only at the highest oxalate concentration used
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Fig. 5. Prostaglandin E2 (PGE2) secretion in the apical fluid of conflu-
ent renal tubular cell monolayers cultured on permeable supports in a
two-compartment culture system and treated for 24 hours with increas-
ing concentrations of oxalate. Oxalate is added in a calcium and serum-
free buffer to the apical fluid compartment, while Dulbecco’s modified
Eagle’s medium (DMEM) containing calcium and serum is added at
the basolateral side. Oxalate-induced inflammation occurs in both cell
types at oxalate concentrations ≥5 mmol/L. Means ± SD of a represen-
tative experiment are shown. Statistical analysis was performed using
analysis of variance (ANOVA) and Student t test (P < 0.05) (N = 3).
∗Significantly different compared to untreated control; ‡Secretion of
PGE2 by Madin-Darby canine kidney (MDCK)-I significantly higher
compared to MDCK-II.
(10 mmol/L). The production of H2O2 by MDCK-I cells
was increased only after exposure to 10 mmol/L oxalate
(Fig. 6). To study if there are also other conditions during
which the production of H2O2 is increased, we measured
H2O2 in the apical fluid of scrape-damaged monolay-
ers and during subconfluency. Whereas the production
of H2O2 was relatively low in subconfluent and confluent
cultures (not shown), relatively high levels of H2O2 were
measured in the luminal fluid of scrape-damaged conflu-
ent monolayers, indicating that H2O2 production is not
an exclusive cellular response to oxalate (not shown).
We also measured the appearance of H2O2 in the basal
compartment of confluent MDCK monolayers after 24-
hour exposure to 0, 0.2, 0.5, 1, 5, and 10 mmol/L oxalate.
H2O2 was increased at the contraluminal site of MDCK-I
after exposure to 10 mmol/L oxalate. It is unclear, how-
ever, if this increase is caused by a vectorial H2O2 se-
cretion or by apical-to-basal H2O2 leakage. Even after
exposure to the highest oxalate concentration, H2O2 was
not increased in the basal compartment of MDCK-II cells
(not shown).
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Fig. 6. Hydrogen peroxide (H2O2) in the apical fluid of confluent re-
nal tubular cell monolayers cultured on permeable supports in a two-
compartment culture system and treated for 24 hours with increasing
concentrations of oxalate. Oxalate is added in a calcium and serum-
free buffer to the apical fluid compartment, while Dulbecco’s modified
Eagle’s medium (DMEM) containing calcium and serum is added at
the basolateral side. Oxalate-induced H2O2 generation occurs in both
cell types at oxalate concentrations ≥5 mmol/L. Means ± SD of a rep-
resentative experiment are shown. Statistical analysis was performed
using analysis of variance (ANOVA) and Student t test (P < 0.05) (N
= 3). ∗Significantly different compared to untreated controls. MDCK
is Madin-Darby canine kidney.
[3H]-thymidine incorporation and total cell numbers
Previously, oxalate was found to induce DNA synthe-
sis [8, 11], which prompted us to study the incorporation
of [3H]-thymidine in response to oxalate. Whereas a 24-
hour exposure to 1.0 mmol/L oxalate did not affect DNA
synthesis in both MDCK strains, thymidine incorporation
was increased in MDCK-II cells treated for 24 hours with
5 and 10 mmol/L oxalate (Fig. 7). Although the incorpora-
tion of thymidine was not yet increased in MDCK-I cells
at this point in time, these levels were increased 1 day
later (not shown). Thus, although at much higher oxalate
concentrations, we hereby confirm the ability of oxalate
to stimulate DNA synthesis.
There are two possibilities: (1) oxalate has a mitogenic
effect on renal tubular cells, or (2) the increase in DNA
synthesis reflects damage-induced regeneration. To an-
swer this question we decided to count the cells in a
hemocytometer following oxalate exposure. The results
showed that relatively low oxalate concentration (≤1
mmol/L) had no effect on the total cell numbers after
24 hours and that in the same time period high oxalate
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Fig. 7. Incorporation of [3H]-thymidine measured in 3 hours pulse la-
beling studies in renal tubular cells pre-exposed for 24 hours to increas-
ing oxalate concentrations. Cells are cultured as confluent monolayers
on permeable supports in a two-compartment culture system. Oxalate
is added in a calcium and serum-free buffer to the apical fluid compart-
ment, while Dulbecco’s modified Eagle’s medium (DMEM) containing
calcium and serum is added at the basolateral side. Exposure for 24
hours to ≥5 mmol/L oxalate leads to elevated levels of thymidine incor-
poration in Madin-Darby canine kidney (MDCK)-II. Increased levels
of thymidine incorporation were also seen in MDCK-I exposed to 5 and
10 mmol/L oxalate but this occurred 2 days (48 hours) postinjury (not
shown). Means ± SD of a representative experiment are shown. Statis-
tical analysis was performed using analysis of variance (ANOVA) (P <
0.05) (N = 3). ∗Significantly different compared to untreated controls.
(>5 mmol/L) significantly decreased total cell numbers
in MDCK-II cells only (Fig. 8).
Apoptosis and necrosis
The observation that the total cell numbers decreased
after incubation with high oxalate concentrations indi-
cated that oxalate can be lethal to renal tubular cells.
Since the existing literature is contradictory on the mode
of oxalate-induced cell death [12–15], we decided to
study physiologic (apoptosis) and pathologic (necrosis)
cell death in response to oxalate. Confluent monolayers
were exposed to oxalate concentrations ranging from 0.2
to 10 mmol/L. Hoechst staining studies showed that al-
though oxalate concentration-dependently reduced the
total amount of cells in MDCK-I as well as in MDCK-II,
there were no signs of DNA fragmentation and therefore
no indication for the involvement of apoptosis in this pro-
cess. Treatment with the apoptosis inducer antimycin A,
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Fig. 8. Total cell numbers counted with a hemocytometer in confluent
renal tubular cell monolayers cultured on permeable supports in a two-
compartment culture system and treated for 24 hours with increasing
oxalate concentrations. Oxalate is added in a calcium and serum-free
buffer to the apical fluid compartment, while Dulbecco’s modified Ea-
gle’s medium (DMEM) containing calcium and serum is added at the
basolateral side. This figure shows that the oxalate-induced increase
in DNA synthesis with ≥5 mmol/L oxalate (see Fig.7) is accompa-
nied by decreased total cell numbers. Means ± SD of a representa-
tive experiment are shown. Statistical analysis was performed using
analysis of variance (ANOVA) and Student t test (P < 0.05) (N =
3). ∗Significantly different compared to untreated controls; ‡Total cell
numbers in Madin-Darby canine kidney (MDCK)-II significantly lower
than those in MDCK-I.
on the other hand, clearly resulted in DNA fragmentation
in both cell types (Fig. 9).
We selected a second method to assess oxalate-induced
apoptotic or necrotic cell death, namely, a combination
of the binding of annexin V to surface-exposed phos-
phatidylserine, which occurs during programmed cell
death or apoptosis and the ability of propidium iodide to
enter the cell interior that occurs during unprogrammed
cell death or necrosis. Again antimycin A was used as
marker for apoptotic cell death. These studies showed
that in contrast to antimycin, oxalate exposure to both
cell types did not lead to increased annexin V binding,
thereby confirming the observation that high oxalate does
not induce apoptosis. On the other hand, propidium io-
dide entered MDCK-II cells after a 24-hour exposure to
5 mmol/L oxalate, while 10 mmol/L was required to cause
the same effect in MDCK-I (Fig. 10). The oxalate-induced
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Fig. 9. Confluent monolayers cultured on a porous support in a two-compartment culture system exposed for 24 hours to increasing oxalate (Ox)
concentrations are stained with Hoechst to detect apoptosis. Oxalate is added in a calcium and serum-free buffer to the apical fluid compartment,
while Dulbecco’s modified Eagle’s medium (DMEM) containing calcium and serum is added at the basolateral side. This image shows that oxalate
does not induce DNA fragmentation at any of the concentrations used. As positive control the cells are treated with antimycin A. Note that the cell
density decreases at 10 mmol/L oxalate. MDCK is Madin-Darby canine kidney.
Fig. 10. Confluent monolayers cultured on a porous support in a two-compartment culture system exposed for 24 hours to increasing oxalate
concentrations are stained with annexin V and propidium iodide to detect apoptosis and necrosis. Oxalate is added in a calcium and serum-free
buffer to the apical fluid compartment, while Dulbecco’s modified Eagle’s medium (DMEM) containing calcium and serum is added at the basolateral
side. This image shows that oxalate does not lead to increased annexin V binding at any of the concentrations used. As positive control the cells are
treated with antimycin A. Oxalate leads to the influx of propidium iodide at 5 mmol/L in Madin-Darby canine kidney (MDCK)-II and 10 mmol/L
in MDCK-I.
reduction in total cell numbers therefore was caused by
necrotic cell death.
DISCUSSION
This study shows that oxalate is not very toxic to re-
nal tubular cells in culture. Inflammation (PGE2), mem-
brane damage (LDH), oxidative cell stress (H2O2), DNA
synthesis ([3H]-thymidine), and pathologic cell death
(necrosis) were observed only at extremely high ox-
alate concentrations (≥5 mmol/L). One of the first signs
of epithelial aggravation is a reduction in TER. TER
had the tendency to decrease after 24 hours of luminal
exposure to 1 mmol/L oxalate to become signifi-
cantly and concentration-dependently decreased by ex-
tremely high oxalate concentrations. In time, high oxalate
increased DNA synthesis without higher total cell num-
bers indicating that this reflects repair from oxalate-
induced tissue damage rather than growth stimulation.
Although high oxalate induced increased levels of H2O2
this was also achieved by scrape injury, indicating that
any form of tissue damage may lead to H2O2 genera-
tion. The production of limited amounts of free radicals
most likely has a functional role in the cellular response
to tissue injury, rather than that oxalate-induced free
radical production is responsible for the observed tissue
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damage. Finally, annexin V binding, DNA fragmentation,
and propidium iodide influx studies clearly demonstrated
that high oxalate leads to necrotic cell death but not to
apoptosis.
The concept that oxalate toxicity may play an impor-
tant role in the pathophysiology of renal stone disease
initially was derived from studies in hyperoxaluric rats
[3, 16]. The accumulation of hydroxyl radicals and de-
creased free radical scavengers were found in organs of
hyperoxaluric rats [4]. The idea that hyperoxaluria causes
free radical-mediated inflammation was supported by
the beneficial effects of free radical scavengers like vi-
tamin E, glutathione, mannitol, and allopurinol [17, 18],
and anti-inflammatory drugs such as calcium agonists,
angtiotensin-converting enzyme (ACE) inhibitors, and
fish oil [19–21]. The results obtained in animal stud-
ies inspired several investigators to study the effect of
oxalate on renal tubular cells in culture [7, 8, 12, 22].
Studies performed with various cell lines demonstrated
that oxalate provoked several cellular responses vary-
ing from activation of DNA synthesis to apoptotic and
necrotic cell death. Oxalate-induced cell injury appeared
to result from free radical-induced stress-activated pro-
tein kinase-mediated inflammation [8, 11, 13–15, 22–
29]. Despite the overwhelming number of publications
in this area, there is concern about the validity of this
hypothesis.
Let’s first look at the animal studies. Animals were
treated with oxalate or oxalate precursors [5, 30, 31].
These methods successfully increased oxalate in blood
and ultrafiltrate. In the primary urine, oxalate rapidly
precipitated as calcium oxalate crystals [32]. Renal tis-
sue damage in hyperoxaluric rats cannot be exclusively
attributed to oxalate because crystals could also cause it.
The choice to study the damaging effect of oxalate in cell
culture therefore seemed logical. Unfortunately, also this
approach had it pitfalls. In most oxalate toxicity studies,
renal tubular cells were cultured on tissue culture plas-
tic [7–9, 22, 23, 25]. The disadvantage of this method was
that confluent monolayers can be maintained only for a
relatively short period of time. At confluence, the cells
assembled tight junctions and began to transport salt and
water from the apical to the basolateral side of the mono-
layer leading to the formation of fluid-filled domes be-
tween cells and growth substrate. In addition, these cells
rapidly suffered from the lack of nutrients since they nor-
mally feed from the basal membrane [33, 34]. As a result
of these conditions, confluent monolayers rapidly began
to detach from their growth support. Another problem
was the addition of oxalate to calcium-containing growth
medium. Belliveau and Griffin [35] recently investigated
the equilibrium parameters for calcium oxalate solubil-
ity in culture media. It was found that the addition of 1
mmol/L oxalate to culture medium led to >50% precipi-
tation resulting in equilibrium oxalate concentrations of
≤60 lmol/L. Microscopy and Coulter Counter measure-
ments confirmed the formation of particles at oxalate
concentrations ≥0.4 mmol/L added to DMEM (Fig. 1).
Another problem was oxalate-induced depletion of cal-
cium from the growth medium. Calcium is an essential
ingredient of growth media. Without sufficient amounts
of calcium, the tight junctions will disassemble leading to
cell rounding and release. Thus, also in cell culture, it is
difficult to differentiate between damaging effects caused
by oxalate, calcium oxalate crystals, or the lack of calcium.
In the present study, we tried to circumvent many
of these problems by culturing the cells on permeable
growth substrates in a two-compartment culture system,
a method that enabled us to add oxalate to the apical
compartment, while calcium and serum were added to
the basal compartment. The results showed that oxalate
was toxic to renal tubular cells, but only at very high con-
centration (≥5 mmol/L). The literature is controversial
on the mode of oxalate-induced cell death. Some inves-
tigators found that oxalate induced apoptosis as well as
necrosis [13, 14], while others found that oxalate led to
necrotic cell death [12]. Our study clearly showed that
high oxalate caused necrosis but no apoptosis.
The experiments in this investigation were designed
to study the damaging effect of luminal oxalate on re-
nal tubular cells in culture. Limitations of this study were
the following. First, in contrast to most previous oxalate
toxicity studies [7, 25, 29], our cells were cultured on per-
meable growth substrates and did not receive calcium and
serum in the apical compartment. It is not entirely clear
which of these variables is responsible for the relative in-
sensitivity of the cells to oxalate. Second, the addition of
oxalate to the apical compartment led to apical-to-basal
oxalate leakage, resulting in gradual decreased luminal
oxalate concentrations. The addition of oxalate to both
fluid compartments was unusable because of the presence
of calcium in the basal compartment. [14C]-oxalate flux
studies demonstrated that the apical-to-basal paracellu-
lar flux of oxalate was higher across proximal tubular cells
than collecting duct cells [36]. In the proximal tubular cell
types, estimated oxalate equilibrium in both fluid com-
partments was reached in approximately 12 hours, while
several days were required to reach this point in collect-
ing tubular cells. Starting, for example, with 10 mmol/L
in the apical compartment, oxalate leaked into the basal
compartment until its concentration in both fluid com-
partments was ∼3.7 mmol/L. Despite the gradual reduc-
tion in luminal oxalate, this does not alter the conclusion
that oxalate was not very toxic to renal tubular cells in
culture. Third, we used cell lines derived from different
species and it is questionable if they were representative
for the human kidney. Fourth, cell lines may have lost
important functions in cell culture. Fifth, perhaps oxalate
affected renal tubular cell types that were no part of our
set of cell lines. Finally, oxalate may trigger intracellular
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transduction pathways that were not measured in our
study.
Collectively, the results of this study showed that ox-
alate causes inflammation-mediated necrotic cell death
in renal tubular cells at supraphysiologic concentrations
(≥5 mmol/L), but not at oxalate concentrations that are
within the physiologic range (≤1 mmol/L).
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